Lactoferrin had long been recognized as a polypeptide capable of chelating ferrous ions, which was thought to be one of the mechanisms by which it blocks the growth of microorganisms (14) . However, it has also been demonstrated that the polypeptide itself has bacteriostatic activity (27) . Recently, it has been shown that lactoferrin can also function as an antiinflammatory factor in that it regulates the production of inflammatory cytokines in a manner similar to those of other anti-inflammatory cytokines. Lactoferrin contained in secretory vesicles of neutrophils is released at sites of inflammation to suppress the production of inflammatory cytokines, while factors that promote inflammation are also released from neutrophils (4) . Lactoferrin released at sites of inflammation interacts with mononuclear cells (16) and suppresses the production of inflammatory cytokines such as tumor necrosis factor alpha (TNF-␣) and interleukin-1 (IL-1) (6) . Lactoferrin is also found in most secreted fluids such as saliva, tears, cervical mucus, and amniotic fluid (5) . In the organs or tissues where these fluids are secreted, lactoferrin may suppress inflammatory reactions in addition to blocking the growth of microorganisms. On the other hand, it has also been shown that lactoferrin enhances the proliferation and differentiation of colon epithelial cells (Caco-2) when added to cultures (20) . Therefore, lactoferrin in milk taken by neonates and infants may suppress inflammatory reactions with a variety of causes and promote proliferation of some types of cells, such as those of the intestines. This effect is probably not limited to neonates and infants, since lactoferrin is also found in neutrophils and the secretory fluids of adults. Therefore, lactoferrin functions as an immunomodulator not only in neonates and infants but also in adults.
To assess the function of lactoferrin as an anti-inflammatory factor, we examined its efficacy in protecting against the development in mice of hepatitis induced by the administration of zymosan and lipopolysaccharide (LPS). Zymosan, a complex of yeast cell wall components, was used to prime hepatic macrophages (Kupffer cells) and to render them sensitive to a small dose of LPS (7) . When a small dose of LPS is administered to zymosan-primed mice, it induces a burst of production of inflammatory cytokines, including TNF-␣, eventually causing a hepatic lesion (3). Lactoferrin added properly before LPS will suppress inflammatory cytokine production and thereby prevent the development of LPS-induced hepatitis. Here we show that intravenously administered recombinant human lactoferrin protects against the development of zymosan-and LPS-induced hepatitis by interacting with Kupffer cells.
MATERIALS AND METHODS
Seven-week-old male BALB/c mice (Charles River Japan, Yokohama, Japan; n ϭ 5) were intravenously injected with zymosan (50 g/g of body weight; Sigma, St. Louis, Mo.). After an interval of 7 days, the mice were intravenously injected with LPS (0.05 g/g of body weight; List Biological Laboratories Inc., Campbell, Calif.). Recombinant human lactoferrin (Agennix, Houston, Tex.) was intravenously administered 24 h before the administration of LPS. Gadolinium chloride (10 g/g of body weight) was intraperitoneally administered in place of lactoferrin 24 h before the administration of LPS. Sixty minutes after LPS injection, blood was withdrawn to obtain serum for the measurement of serum TNF-␣. Twenty-four hours after the LPS injection, blood was withdrawn to obtain serum for measurement of serum alanine transaminase (ALT) activity.
ALT activity was measured using a colorimetric diagnostic kit (Wako Pure Chemical Industries Ltd., Osaka, Japan). Serum TNF-␣ was measured using an enzyme-linked immunosorbent assay (ELISA) kit (Amersham Pharmacia, Tokyo, Japan).
Mice were intraperitoneally administered recombinant human lactoferrin 18 h prior to the isolation of Kupffer cells. Kupffer cells were isolated from the mice by a collagenase perfusion method and cultured as described below. The cells from the four mice administered identical protein samples were combined and spread on 24-well culture plates at a density of 10 5 cells/well. Various doses of LPS were added 4 h after the start of culture. The culture supernatants were collected 4 h later and assayed for TNF-␣ by an ELISA method. The results were normalized to the values for mice given 0 ng of LPS/ml.
Mouse Kupffer cells were isolated from the collagenase-perfused livers of the mice by the conventional method using differential centrifugation (10) . Isolated Kupffer cells were cultured in RPMI 1640 supplemented with 5% fetal calf serum in 24-well culture plates at a density of 10 5 cells/well. One hour after the start of culture, recombinant human lactoferrin was added to the cultures at various doses. Eighteen hours later, the cells were washed with Hanks' balanced salt solution and then medium without serum was added to the cultures. LPS (1 ng/ml) was added to the cultures to induce the cells to produce TNF-␣. The levels of TNF-␣ in the culture supernatants were estimated using an ELISA kit.
RAW 264 cells were cultured in RPMI 1640 medium supplemented with 10% serum in 24-well culture plates at a density of 10 5 cells/well. The efficacy of suppression of TNF-␣ production by a recombinant human lactoferrin was assessed by a protocol similar to that described above for the Kupffer cells.
The binding of recombinant human lactoferrin to the mouse Kupffer cells was assessed using 125 I-labeled lactoferrin. Recombinant human lactoferrin was labeled using Iodo beads (Pierce, Rockford, Ill.). Recombinant human lactoferrin (100 g) and 125 I (1 mCi) were dissolved in 0.5 ml of phosphate-buffered saline (PBS). To the solution was then added two Iodo beads to start the reaction. The reaction was terminated after incubation at room temperature for 20 min by removing the beads. Unreacted 125 I was separated from the lactoferrin using a prepacked gel filtration column, PD10 (Amersham Pharmacia), which had been equilibrated with 0.1% PBS. The specific radioactivity of the 125 I-labeled lactoferrin was 10 7 cpm/g of protein. Results are expressed as means Ϯ standard deviations. Fisher's PSLD test (parametric) and Mann-Whitney's U test (nonparametric) were performed to compare means (ALT and TNF-␣) in different groups, and P values less than 0.05 were considered to be statistically significant.
RESULTS
The doses of zymosan and LPS capable of promoting hepatitis were tested prior to the experiments to analyze the protective effect of lactoferrin. Doses of zymosan ranging from 5 to 250 g/g of body weight and of LPS ranging from 0.005 to 0.5 g/g of body weight were tested. Among these doses, the combination of 50 g of zymosan per g of body weight and 0.05 g/g of LPS per g of body weight was found to be appropriate to induce experimental hepatitis in BALB/c mice (data not shown). At the sites of the lesions caused by zymosan and LPS, deformation of hepatocytes and accumulation of nonparenchymal cells were observed. The morphology of the hepatic sinusoidal cells indicated that these cells were mainly macrophages. In the areas surrounding the lesions, neutrophils infiltrating the sinusoidal endothelial cell layer were observed. These results indicated that the foci of hepatic inflammation involving the death of hepatocytes and the accumulation of inflammatory cells were caused by these doses of zymosan and LPS.
Using these doses of zymosan and LPS, the protective effect of lactoferrin was tested at doses ranging from 1.5 to 250 g/g of body weight (n ϭ 5). Recombinant human lactoferrin administered intravenously protected against the development of hepatitis at doses higher than 5 g/g of body weight as assessed by the levels of serum ALT (Fig. 1) . These results indicate that intravenously administered recombinant human lactoferrin suppresses the development of hepatitis.
To determine the involvement of TNF-␣ in the development of hepatitis, the levels of transient TNF-␣ were measured. The levels of TNF-␣ in the sera collected 60 min after the administration of LPS were significantly increased compared to those in the sera of mice that were not challenged with LPS (n ϭ 5). The increase in serum TNF-␣ was significantly suppressed when the mice were administered recombinant human lactoferrin 1 day before the administration of LPS (Fig. 2) , indicating that lactoferrin suppresses the transient increase in TNF-␣ caused by LPS in zymosan-primed mice.
Gadolinium chloride was administered to zymosan-primed mice (n ϭ 5) to examine the involvement of hepatic macrophages in the development of hepatitis. Gadolinium chloride administered to zymosan-primed mice 1 day before the administration of LPS significantly suppressed the LPS-induced increase in the serum ALT level (Fig. 3) . The levels of TNF-␣ 60 min after LPS injection were also significantly reduced by the administration of gadolinium chloride (Fig. 4) . These results indicate that hepatic macrophages are responsible for the development of hepatic lesions in the zymosan-LPS hepatitis model.
To investigate the effects of recombinant human lactoferrin administered to mice on Kupffer cells, mice were intraperitoneally administered recombinant human lactoferrin (250 g/g of body weight) 18 h prior to the isolation of Kupffer cells. Kupffer cells isolated from these mice showed a significantly diminished ability to respond to LPS as assessed by their production of TNF-␣ (Fig. 5) . No such effect was seen when FIG. 1. Levels of ALT activity in the sera of zymosan-and LPStreated mice (n ϭ 5). Mice were intravenously administered zymosan (50 g/g of body weight), followed by an intravenous administration of LPS (0.05 g/g of body weight) after an interval of 7 days. None, recombinant human lactoferrin (1.5 to 250 g/g of body weight) was intravenously administered 24 h before the administration of LPS. Serum samples were prepared from the blood collected 24 h after the administration of LPS. Bars represent standard deviations. Bars marked with ‫ءء‬ and ‫ءءء‬ indicate results that are significantly different from those for the 0-g/ml lactoferrin group at a P of Ͻ0.01 and Ͻ0.001, respectively. Zym, zymosan alone; Zym/LPS, zymosan and LPS; Lf, lactoferrin.
VOL. 8, 2001 LACTOFERRIN PROTECTS AGAINST DEVELOPMENT OF HEPATITISKupffer cells isolated from mice intraperitoneally administered saline or casein were challenged with LPS. Recombinant human lactoferrin was added to primary cultures of Kupffer cells or to cultures of the mouse monocyte cell line RAW 264 to assess the efficacy of lactoferrin in the suppression of LPS-induced TNF-␣ production by macrophages in vitro. Recombinant human lactoferrin was added to cultured macrophages 24 h prior to LPS administration. TNF-␣ production by either Kupffer cells or RAW 264 cells was suppressed by recombinant human lactoferrin at doses higher than 10 g/ml (Fig. 6) .
The interaction of lactoferrin with macrophages was examined by a binding assay using 3 . Suppression of the levels of ALT activity in the sera of zymosan-and LPS-treated mice (n ϭ 5) by intraperitoneal administration of gadolinium chloride. Mice were intravenously administered zymosan (50 g/g of body weight), followed by intravenous administration of LPS (0.05 g/g of body weight) after an interval of 7 days. None, recombinant human lactoferrin (0.25 mg/g of body weight) or gadolinium chloride (10 g/g of body weight) was intraperitoneally administered 24 h before LPS. Serum samples were prepared from the blood collected 24 h after the administration of LPS. Bars represent standard deviations. Bars marked with ‫ءءء‬ indicate results that are significantly different from those of the None group at a P of Ͻ0.001. Zym, zymosan alone; Zym/LPS, zymosan and LPS; Gd, gadolinium chloride; rhLf, recombinant human lactoferrin .   FIG. 4 . Suppression of the levels of TNF-␣ in the sera of zymosanand LPS-treated mice (n ϭ 5) by intraperitoneal administration of gadolinium chloride. Mice were intravenously administered zymosan (50 g/g of body weight), followed by intravenous administration of LPS (0.05 g/g of body weight) after an interval of 7 days. None, recombinant human lactoferrin (0.25 mg/g of body weight) or gadolinium chloride (10 g/g of body weight) was intraperitoneally administered 24 h before LPS. Serum samples were prepared from the blood collected 60 min after LPS. Bars represent standard deviations. Bars marked with ‫ء‬ and ‫ءء‬ indicate results that are significantly different from those for the None group at a P of Ͻ0.05 and Ͻ0.01, respectively. Zym, zymosan alone; Zym/LPS, zymosan and LPS; Gd, gadolinium chloride; rhLf, recombinant human lactoferrin. 
DISCUSSION
The results of this study indicated that lactoferrin prevents the development of hepatic lesions caused by LPS. The action of lactoferrin was probably due to the suppression of the production of TNF-␣ by Kupffer cells, as supported by the observation that the elimination of macrophages by the administration of gadolinium chloride prevented the formation of hepatic lesions by LPS. Based on these results, we speculated that lactoferrin protects against the development of hepatitis by suppressing TNF-␣ production by Kupffer cells. The relationship between the mechanism of the development of hepatitis caused by LPS in zymosan-primed mice and the mechanism of the action of lactoferrin to suppress this type of hepatitis is discussed below.
Neutrophils recruited to infectious sites will secrete various substances, each of which has a role as a promoter or a suppressor of infection (4) . Lactoferrin is one of the factors secreted from neutrophils and is supposed to function as a suppressor of inflammation in that it interacts with macrophages and suppresses the production of inflammatory cytokines by these cells (6) . In fact, human milk lactoferrin suppresses the production of IL-6 by human mononuclear cells (THP-1) (15), or of TNF-␣ and IL-1 by mononuclear cells in human mixedlymphocyte cultures (6) , when added before the administration of the pathogenic promoter of cytokine production, LPS. Lactoferrin secreted at inflammatory sites might buffer inflammatory reactions and localize inflammation to a limited area.
If lactoferrin is present at the site of infection before infection by pathogens can be established, macrophages may recognize pathogens but may not produce inflammatory cytokines. This speculation was supported by the experiment reported by Machnicki et al. (13) in which lactoferrin was intravenously administered to mice before the administration of LPS and the levels of TNF-␣ in peripheral blood were significantly decreased. For lactoferrin to suppress LPS-induced TNF-␣ production, it had to be injected at least 8 h before the administration of LPS. Administration of lactoferrin prior to LPS probably induced some reactions that suppressed the production of inflammatory cytokines. The period VOL. 8, 2001 LACTOFERRIN PROTECTS AGAINST DEVELOPMENT OF HEPATITISof time before the administration of LPS that is required for lactoferrin to show its effect might be due to these reactions. Once the interaction of lactoferrin with macrophages has been established, inflammatory reactions that should follow the recognition of pathogens by macrophages may not proceed, resulting in the suppression of inflammation. Zymosan, a complex of yeast cell wall components, has been reported to activate macrophages (7). Interaction with zymosan will activate macrophages to produce inflammatory cytokines (3). These primed macrophages will react to small doses of LPS to promote a burst of production of TNF-␣ (26). Therefore, the primary target of LPS seems to be primed macrophages. However, pathogens have been suggested to induce an increase in the Th1-type T-cell population, which may be responsible for LPS-induced inflammation. Heat-inactivated Propionibacterium acnes administered to mice accumulated in the liver to a higher degree than in other organs (24) and increased the Th1-cell population in the liver (28) . This increase in Th1-cell population was dependent on the mouse strain. In C57BL/6 mice, P. acnes induced an increase in the Th1-cell population, while in BALB/c mice, no such increase was observed (28) . It has been suggested that the production of gamma interferon, which is necessary for the differentiation of T cells to the Th1 type, is not induced (25, 28) . In the experiments described here, we used the BALB/c strain to minimize the participation of Th1 cells in the formation of liver lesions. Thus, macrophages are likely to be major effector cells in the action of lactoferrin in our experiments.
Gadolinium chloride has been used to decrease the number of Kupffer cells in the liver (11) . The mechanism of action of gadolinium chloride is not known, but it has been suggested to eliminate larger Kupffer cell populations in the liver while depressing the activity of smaller Kupffer cells (1, 8, 11, 17, 22, 23) . Without Kupffer cells, the liver will not produce TNF-␣ in response to LPS. Consequently, the liver will not be damaged by TNF-␣ produced by Kupffer cells. As described in this paper, gadolinium chloride protected against damage to the liver by a small dose of LPS. This result indicated that Kupffer cells are involved in the development of hepatitis and supported the speculation that macrophages are major sites of the action of lactoferrin.
This idea was supported by the observation that recombinant human lactoferrin suppressed the production of TNF-␣ by Kupffer cells when they were exposed to LPS. Our in vitro and ex vivo experiments employing Kupffer cells indicated that lactoferrin suppressed TNF-␣ production by Kupffer cells via a direct interaction with these cells. In the in vitro assay, Kupffer cells were cultured in media supplemented with recombinant human lactoferrin for 18 h prior to the administration of LPS. Kupffer cells were extensively washed to remove residual lactoferrin before LPS was added. Therefore, it was unlikely that LPS was trapped by lactoferrin in culture media. Rather, it was likely that lactoferrin directly interacted with Kupffer cells and rendered them refractory to LPS. In the ex vivo assay, mice was administered recombinant human lactoferrin 18 h prior to the isolation of Kupffer cells. Kupffer cells were transferred to cultures and then activated with LPS. Since the production of TNF-␣ by these Kupffer cells was suppressed, intraperitoneally administered recombinant-human lactoferrin probably exerted its effect by interacting with Kupffer cells. Lactoferrin intravenously administered to rats most specifically accumulated in Kupffer cells (21) . Although not all the molecules that accumulated in Kupffer cells functioned to suppress TNF-␣ production, some should have functionally affected Kupffer cells to lower the rate of TNF-␣ production.
Our analysis of the binding of 125 I-labeled recombinant human lactoferrin with mouse Kupffer cells indicated two dissociation constants, 0.47 ϫ 10 Ϫ6 and 1.82 ϫ 10 Ϫ6 M, which were comparable to those reported previously for RAW 264 cells and those obtained by our analysis. The low dissociation constant (higher affinity) corresponded to the level of the 50% effective dose of recombinant human lactoferrin for the suppression of TNF-␣ production, suggesting that recombinant human lactoferrin suppressed Kupffer cells by binding to the high-affinity binding sites. These results suggested that some of the lactoferrin molecules associated with Kupffer cells may function to suppress the production of TNF-␣ in these cells.
It has been reported that LPS induces massive hepatic lesions by damaging endothelial cells in the hepatic sinusoid and thus subsequently inducing fibrin deposition at the sites of damage (18) . The damage to sinusoidal endothelial cells is thought to be caused by activated Kupffer cells (2) . Activated Kupffer cells seem to specifically attack sinusoidal endothelial cells without damaging hepatic parenchymal cells (19) . One of the factors involved in the induction of damage to sinusoidal endothelial cells may be TNF-␣ produced by activated Kupffer cells. Other factors such as Fas might be involved in the cascade of reactions starting from the damage of sinusoidal endothelial cells and leading to hepatic lesions. However, such factors have been speculated to function in the induction of hepatic parenchymal cell death (apoptosis) (19) , which takes place well after sinusoidal endothelial cell damage. Therefore, if production of inflammatory cytokines such as TNF-␣ by activated macrophages is inhibited, the later steps in the cascade that lead to hepatic lesions should be suppressed.
In this study, we demonstrated the protective effect of lactoferrin intravenously administered to mice against LPS-induced hepatitis. Lactoferrin in milk is naturally taken orally, so its efficacy when taken orally should also be tested. Orally administered lactoferrin has been reported to have various effects: (i) suppression of inflammation in rat footpads caused by carrageenan (30); (ii) protection against endotoxin lethal shock in germfree piglets (12) ; and (iii) inhibition of bacterial translocation in bovine-milk-fed mice (29) . In the study on carrageenan-induced footpad inflammation, production of TNF-␣ and IL-6 by cultured splenocytes derived from carrageenan-treated mice was reported to be suppressed when mice were fed lactoferrin, suggesting that the effect of this polypeptide is due to the suppression of the production of inflammatory cytokines. Lactoferrin taken orally will encounter the environment of the intestinal tract, the major functions of which are nutrient absorption and immune responses. Orally administered lactoferrin might have to be absorbed before it can function or might interact with immune-responsive cells that reside in intestinal lymph nodes or Peyer's patches. Taking these points into consideration, we are currently examining the efficacy of orally administered lactoferrin for protection against the development of hepatitis in the zymosan-LPS model.
